ABSTRACT
T he importance of MR imaging for the diagnosis of leptomeningeal metastasis in children with posterior fossa tumors, critical for risk stratification and treatment, 1 is well-recognized. MR imaging detects leptomeningeal metastasis in up to 50% of those with false-negative CSF examination findings, which may occur in up to 45% of initial lumbar punctures, 2 and findings on MR imaging correlate better with survival than CSF results. [2] [3] [4] Although preoperative brain and spine MR imaging are optimal, neurosurgical urgency may dictate deferral until the postoperative period, or repeat spine imaging may be necessary to exclude leptomeningeal metastasis postoperatively. A few case reports and small series have described spinal subdural collections and enhancement on postoperative myelography and MR imaging. [5] [6] [7] [8] These findings were further investigated in a larger series by Warmuth-Metz et al, 9 who described such findings in children after posterior fossa (7/45) but not supratentorial (0/8) tumor resection. However, due to the limited availability of follow-up imaging, the natural history could not be established.
At St. Jude Children's Research Hospital, enrollment of patients with posterior fossa tumors on long-term therapeutic protocols confers the advantage of follow-up imaging availability. Because most arrive postoperatively and undergo subsequent metastasis-screening MR imaging according to our imaging protocols before enrollment, we see a number of postoperative intraspinal subdural collections (PISC). While these collections do not indicate metastasis, 6 ,7,9 they may be misinterpreted by radiologists unfamiliar with their appearance, prompt neurosurgical consult, or hinder metastasis detection in the critical postoperative staging period. We therefore investigated the incidence, imaging and clinical features and course, and associated potentially predisposing factors in patients with PISC after suboccipital tumor resection in a large pediatric cohort.
MATERIALS AND METHODS

Study Population
A retrospective Health Insurance Portability and Accountability Act-compliant, institutional review board-approved clinical data base search conducted with a waiver of consent yielded 304 subjects who underwent resection of posterior fossa tumors be- 
Spine MR Imaging Analysis
Spine MR imaging techniques varied due to the 16-year study time span and multi-institutional imaging protocols. All spine MRIs were performed for metastasis screening and included postcontrast T1WI. All MRIs were reviewed by a board-certified neuroradiologist with a Certificate of Added Qualification (J.H.H., with 4.5 years' experience interpreting pediatric spine MR imaging). A second board-certified neuroradiologist (Z.P., with 18 years' experience interpreting pediatric spine MR imaging) reviewed all MRI in the final cohort (those positive for postoperative subdural collections [PISCϩ] and controls negative for postoperative subdural collection), equivocal cases, and those ultimately excluded for technical reasons. Differences were resolved in consensus. Both reviewers were blinded to pathology and radiology reports. MRIs of subjects deemed PISCϩ on the first postoperative MR imaging or on any MR imaging Յ30 days after surgery were followed until they were negative for PISC. Time from surgery to spine MR imaging was recorded for all examinations. The presence, location (cervical, thoracic, lumbosacral), extent (expressed in number of spinal segments), maximum thickness, and signal properties of PISC were assessed on sagittal postcontrast T1WI (37/37 subjects positive for PISC), precontrast T1WI (13/37) and T2WI (20/37) on postoperative MRIs, and subsequent follow-up spine MRIs in 35/37 subjects positive for PISC; follow-up spine MRIs were unavailable in 2/37 subjects positive for PISC. Signal on T1WI and T2WI was defined as isointense, hyperintense, or hypointense to CSF in the perimedullary subarachnoid space. Preoperative spine MRIs available in 15/37 subjects positive for PISC were assessed for the presence of subdural collections. Original reports from referring institutions were subsequently reviewed.
Brain MR Imaging Analysis
Preoperative brain MRIs of all subjects were evaluated for the location (fourth ventricle or not) and size of the posterior fossa tumor and for hydrocephalus by both subjective assessment and Evans index Ͼ90th percentile. 10 Tonsillar herniation was defined as Ͼ5-mm protrusion of the cerebellar tonsils below the foramen magnum. Incomplete preoperative brain imaging for 1 subject positive for PISC precluded evaluation for tonsillar herniation or Evans index. Tumor volumes were calculated, per ellipsoid volume, as
Postoperative brain imaging, CT in 1 subject and MRI in 36/37 subjects, were evaluated for intracranial subdural collections (supratentorial or infratentorial) as visualized on T1WI without (36/ 36) and with contrast (31/36), T2WI (35/36), noncontrast FLAIR (26/36), and contrast-enhanced FLAIR (18/36) images. Intracranial subdural collections were subjectively graded as nonexistent (0), mild (1), moderate (2), or large (3).
Statistical Analysis
Statistical analyses were performed by using SAS 9.3 software (SAS Institute, Cary, North Carolina). Associations of PISC with tumor histology and grade of intracranial subdural collection were assessed by the Fisher exact test. Association of PISC with tumor volume was evaluated by the Wilcoxon rank sum test. The associations of PISC with tumor location, subjective assessment of hydrocephalus, Evans index Ͼ90th percentile, and the presence of tonsillar herniation and intracranial subdural collection were evaluated by the 2 test. Age and time from surgery to MR imaging were compared between all subjects positive and negative for postoperative subdural collections by the Wilcoxon rank sum test. P Ͻ .05 was considered statistically significant.
RESULTS
The overall incidence of PISC was 37/243 (15.2%). In the overall cohort, subjects positive for PISC were imaged earlier (18 Ϯ 26 days postoperatively) than those without PISC (30 Ϯ 32 days postoperatively) (P ϭ .0005), and the incidence rate of PISC fell from 36% for subjects imaged up to 7 days after surgery to 8% in those imaged after postoperative day (POD) 28 (Table) . There was no association of PISC with age (P ϭ .5033).
Compared with controls, subjects positive for PISC did not differ significantly in age (P ϭ .9957) or time from surgery to MR imaging (P ϭ .0723). There was no association between PISC and tumor histology (P ϭ .4573). Chart review yielded no neurologic signs or symptoms related to irritation or compression of intraspinal neural structures contemporaneous with the diagnosis of PISC.
Time to Appearance
The time from posterior fossa surgery to the first postoperative MR imaging revealing PISC ranged from 0 to 41 days (mean, 15 Ϯ 17 days) in 36/37 (97%) subjects and was 137 days in a single subject (On-line Table) . The time from posterior fossa surgery to the first postoperative MR imaging (mean, 17.6 Ϯ 10.8 days) was 1-49 days in controls. Two subjects with PISC 27 days postoperatively had earlier negative MRI findings on PODs 11 and 20, respectively. No subdural collections were visible on preoperative MRI available in 15/37 subjects positive for PISC.
Time to Resolution
Further follow-up MRIs were available in 35/37 subjects positive for PISC. In 34 subjects, MR imaging demonstrated resolution of PISC between 8 and 472 days (108.2 Ϯ 123.4 days) postoperatively, which was 3-441 days (95 Ϯ 119.5 days) after the first PISCϩ MR imaging. In another subject who had residual unresectable ependymoma at the foramen magnum and was diagnosed with PISC on POD 137, PISC persisted on MR imaging 325 days postoperatively. Resolution was documented 5.9 years after surgery, at which time the primary tumor had decreased in size so that the foramen magnum was patent. Otherwise, PISC had resolved in 100% of subjects re-imaged Ն57 days after the initial PISCϩ MR imaging and had resolved in 12/17 (70.5%) subjects re-imaged between 3 and 28 days after the initial PISCϩ MR imaging (On-line Table) .
Three subjects with PISC diagnosed 1, 12, and 27 days after surgery had persistent but decreased collections on follow-up MR imaging 17, 6, and 28 days later (PODs 18, 18, and 55), respectively (On-line Table) ; all had resolved on repeat MR images obtained 35, 84, and 30 days later (PODs 53, 102, and 85), respectively. In 1 subject with PISC 3 days after surgery, PISC persisted at 17 days, with no further follow-up.
Location and Size
Two subjects were excluded from location and size analysis due to imaging limited to the cervical and thoracolumbar spine, respectively, precluding full analysis despite demonstrating PISC. Subdural collections were most frequently thoracic (33/35), followed by lumbosacral (29/35) and cervical (27/35). PISC spanned an average of 18.8 Ϯ 8.7 vertebral bodies at initial diagnosis, and except for a single subject with only ventral collections, all were both dorsal and ventral. PISC measured up to 0.46 Ϯ 0.1 mm in thickness ventrally and 0.43 Ϯ 0.21 mm dorsally, with maximal thickness most frequently at lumbar levels ventrally (19/35) and dorsally (18/35).
Imaging Characteristics
PISC were isointense to CSF on noncontrast T1WI (13/13) (Fig  1) , hyperintense (19/20) more frequently than isointense to CSF (1/20) on T2WI, and most frequently hyperintense (enhancing) on postcontrast T1WI (36/37), on which they were most readily visualized (Figs 1 and 2 ). PISC were isointense to CSF on postcontrast T1WI in 1 subject. They were lobulated on sagittal postcontrast T1WI and T2WI and on axial imaging when available (Fig 2) . No hematocrit levels were observed. There was no evidence of associated cord deformity or signal abnormality suggestive of compression in any subject, though prominent lumbar PISC often caused central crowding of the cauda equina without compression (Fig 2) .
Associated Imaging Findings
PISC were not associated with preoperative hydrocephalus by either subjective assessment (P ϭ .0749) or by Evans index Ͼ90% (P ϭ .7222). There was no significant relationship between either tumor volume (P ϭ .8797) or fourth ventricular location (P ϭ .3594) and the development of PISC.
PISC were significantly associated with preoperative cerebellar tonsillar herniation (P ϭ .0228) and with both the presence (P ϭ .0011) and magnitude (P ϭ .0071) of postoperative intracranial subdural collections; 91.89% of patients with PISC had intracranial subdural collections, compared with 59.46% of controls. Intracranial collections were most frequently mild in both subjects positive for PISC (67.57%) and control subjects (43.24%). Intracranial collections were more frequently associated with tonsillar herniation in subjects positive for PISC than in controls (P ϭ .0116).
Correlation with CSF
CSF was obtained an average of 5 days (Ϯ13 days) after the first postoperative MR imaging in 29/37 subjects, 146 days later in 1 subject, 392 days later in another, and unavailable in 6/37. Seven subjects had spinal metastases visible on PISCϩ MR imaging; CSF was positive in 2/7, both medulloblastomas. In 1 case, metastases were questionable until resolution of PISC. In another, metastases were previously diagnosed on preoperative MR imaging; CSF was negative for metastases.
In another medulloblastoma case, PISCϩ MR imaging and same-day CSF were negative for metastasis, despite CSF positive for metastasis 2 days later. Fluid color was not recorded.
Six subjects underwent lumbar puncture immediately following PISCϩ MR imaging negative for metastasis. Collected fluid was yellow (xanthochromic) in 2/6 and negative for malignant cells in 6/6. 
DISCUSSION
Enhancing spinal subdural collections have been described in 15.5%-23% of children after posterior fossa surgery, 7, 9 but descriptions of associated factors and natural history have been limited due to sample size and follow-up limitations. In this study, we found PISC in 37 (15.2%) of 243 children imaged after posterior fossa surgery, similar to the 15.5% frequency described by Warmuth-Metz et al. 9 PISC were associated with both intracranial subdural collections and tonsillar herniation. Although relief of increased intracranial pressure as evidenced by preoperative obstructive hydrocephalus has been suggested as a mechanism, 9 we found no association of PISC with hydrocephalus either by subjective assessment or by the Evans index. 10 PISC appeared as late as Ͼ20 days postoperatively, resolved as early as 8 days after surgery, and had resolved in most (70.5%) subjects imaged up to 28 days after initial PISCϩ MR imaging. The incidence of PISC is greatest, 36% in this series, within 1 week after surgery and drops precipitously thereafter. In a single subject with unresectable ependymoma partially obstructing the foramen magnum and leptomeningeal metastasis, PISC persisted for at least 325 days; resolution was documented 5 years after surgery, at which time the primary tumor had decreased in size so that the foramen magnum was again patent. Although the collections were frequently large, significantly effacing CSF, there was no imaging or clinical evidence of compression of spinal neural elements. However, PISC did partially obscure metastases in at least 1 case, resulting in a questionable diagnosis, and may have been sampled rather than CSF to give a false-negative CSF result on lumbar puncture in at least 1 patient who had positive lumbar puncture findings 2 days later. Xanthochromic fluid sampled in 2 additional subjects may also have been subdural rather than CSF. 11 Although even lumbar punctures performed under ideal conditions may be falsely negative in up to 45%, 2 these observations suggest that PISC may render the diagnosis of metastasis more challenging on both MR imaging and CSF examinations; this problem potentially results in incorrect risk stratification and treatment of the primary pathology. Of equal importance is the potential for misdiagnosis of PISC as metastasis by radiologists unfamiliar with this phenomenon, as occurred in 42.9% of spine MRI interpreted by nonspecialized radiologists in this series, potentially resulting in unnec- essarily aggressive therapy and attendant increases in associated risks.
Thirty-six of 37 (97.3%) PISC were homogeneously hyperintense on postcontrast T1WI in this series, a characteristic finding. Although most subjects had only high-resolution postcontrast MR imaging as per our institutional leptomeningeal metastasis screening protocol, isointensity to CSF on noncontrast T1WI confirmed enhancement in 13/37, consistent with findings in prior reports. 6, 7, 9 Despite this enhancement, the subdural location and lobulated appearance readily distinguish PISC from leptomeningeal metastases, which are subarachnoid in location and typically nodular, though they may diffusely "sugarcoat" the spinal cord. 1 The appearance of PISC is similar to that of spinal subdural collections in patients with spontaneous intracranial hypotension, including a "festooned" appearance on axial imaging due to attachments spanning the "subdural" zone (Fig 2) , supporting decreased CSF pressure as a common mechanism.
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Monro-Kellie hypothesis, which states that the sum of volumes of intracranial blood, CSF, and tissue must remain constant in an intact cranium, is generally invoked to explain the intracranial subdural collections as compensating for low CSF volumes in spontaneous intracranial hypotension or for sudden loss of intracranial volume postoperatively. 12, [14] [15] [16] [17] [18] This hypothesis has been extended to account for intraspinal subdural collections in spontaneous intracranial hypotension and after posterior fossa surgery. 9, 19 It has been suggested that microtears in the arachnoid layer due to low CSF pressure and retraction of the arachnoid from the dura permit leakage of CSF into the subdural space; [18] [19] [20] however, such freely communicating CSF collections, termed "hygromas," do not demonstrate the enhancement observed in PISC. 6, 9, 11, 21 PISC are more consistent with subdural effusions, which are encapsulated collections of protein-rich, xanthochromatic fluid not in communication with the subarachnoid space; enhancement differentiates them from hygromas. 21 In actuality, there is no true "subdural space"; subdural effusions form within a relatively weak vascularized fibroblast cell layer, known as the "dural border" cell layer, at the interface of the dura and arachnoid layers, 13, 14, 21 due to negative hydrostatic pressure inducing vasodilation and increased permeability in the dural border cell layer, with leakage of plasma and contrast resulting in enhancing subdural effusions. 6, 9, 11 Of all subjects with intracranial subdural collections, cerebellar tonsillar herniation was more frequent in those with PISC, an association not previously described. We therefore hypothesize that sequestration of the intraspinal and intracranial spaces, rather than increased intracranial pressure alone, predisposes patients with tonsillar herniation to PISC via relatively increased intraspinal pressure via a "ball valve" mechanism, followed by an abrupt postoperative pressure decrease. The requirement for compartmental sequestration could explain the absence of PISC in children with supratentorial tumors, which are less commonly associated with tonsillar herniation, though intracranial subdural collections may be present within the same supratentorial compartment postshunting or after decompressive craniotomy. 17, 18 Limitations of this study include irregular timing of follow-up spine MRI, occurring up to Ͼ1 year after diagnosis of PISC, limiting precise evaluation of the natural history. However, nearly all patients in this series, the largest to date, had follow-up imaging documenting resolution of PISC, and it would be difficult to justify administering contrast and anesthesia to asymptomatic patients for MR imaging for this purpose prospectively. Formal neurologic examinations were not performed because the patients were asymptomatic. CSF pressure measurements are not routinely obtained at lumbar puncture for metastasis detection at St. Jude Children's Research Hospital, precluding correlation with PISC. Although xanthochromic and false-negative fluid was obtained at lumbar puncture in 3 subjects, subdural fluid was not intentionally sampled; this sampling could be informative in future studies.
CONCLUSIONS
Enhancing postoperative intraspinal subdural effusions occurred in 15.2% of children after posterior fossa tumor resection in this series, resolved spontaneously without neurologic sequelae, and had a characteristic appearance. Abrupt postoperative relief of excessive intraspinal pressure caused by spinal sequestration by tonsillar herniation is the proposed etiology. Preoperative spine MR imaging is ideal, but not always possible. Because time is of the essence for establishing a diagnosis of metastasis, delaying postoperative imaging, as previously suggested, 6 is not advised because PISC occur infrequently and metastases may be visible despite PISC. However, we do recommend that if subdural collections are detected, MR imaging with contrast be repeated as late as clinically tolerated to re-evaluate leptomeningeal metastasis and potentially confounding lumbar PISC before lumbar puncture. In this series, repeat MR imaging documented improvement or resolution of PISC in 88% by 4 weeks. 
